plaques were screened with '1P-end-labeled oligonucleotide BP6 . Single-stranded DNA was prepared from a clone hybridizing to this probe.
Results
Identification of a Fragment Encoding the Gonococcal Fbp Sequence from Genomic Digests.
Previous studies have suggested that a 1,020-bp coding sequence would be required to encode the mature Fbp . Initial attempts to clone a fragment of this size in XGT11, based upon reactivity with affinity-purified polyclonal Fbp-specific antibodies, were unsuccessful . As an alternative, oligonucleotide probes corresponding to known amino acid sequences were used . The NH2-terminal 48 residues of the gonococcal Fbp have been reported previously (6, 9) , and accounted for ti 15 % of the entire protein .
To obtain sequence information outside this region, peptides isolated from an argininespecific cleavage were subjected to NH2-terminal sequence analysis ( Chromatographic profile of an arginine-specific tryptic digestion of the purified Fbp of N. gonorrhoeae strain F62 as described in the text . Deprotected peptides were separated by HPLC, using a C18 column and a gradient-of acetonitrile (demonstrated by the solid line corresponding to the scale on the left) . The chromatographic profile was monitored at 220 nm and is shown relative to the right-hand scale . Major peaks, noted above the chromatograph as PK B, C, D, E, G, I, and N, were manually collected, repurified using a similar acetonitrile gradient, and subjected to NH2-terminal sequence analysis. The sequence of each peak fraction is given above .
tional sequences corresponding to -20% of the molecule were generated by this technique. From these data, two synthetic oligonucleotides were derived and synthesized as described in Table I . Oligonucleotide BPI was based on the NH2-terminal amino acids 6-11; oligonucleotide BP2 was derived from a portion of the amino acid sequence of the peptide in peak G (Fig. 1) .
Southern blot analysis of N. gorlorrhoeae F62 DNA and pUC13 showed that both BPI and BP2 hybridized strongly to the DNA from strain F62, but not to pUC13 (data not shown) . Furthermore, both synthetic oligonucleotides recognized a 900-bp Sau 3A genomic fragment. Using BPI or BP2 as a screen, no recombinants could be identified when these 900-bp fragments were cloned into the Bam HI site ofpUC13. In addition, positive clones were not obtained when a AGT11 library was screened with end-labeled BPI or BP2 (data not shown). Thus, it is possible that a large fragment of DNA containing the entire gene or a substantial portion thereof was lethal to E. coh .
Southern blot analysis of genomic DNA digested with Rsa I revealed that the oligonucleotide probes BPI and BP2 hybridized to a 600-bp fragment (data not shown). Genomic Rsa :I fragments ranging in size from 400 to 800 by were ligated into the Sma I site of PUC13 and transformed into E. coli TBI . 1 colony out of 1,500 hybridized with the qnd-labeled oligonucleotide, BPI . Restriction analysis of the plasmid isolated from this clone, pSB3, revealed a 600-bp insert that hybridized strongly to both BPI and BP2 (Fig. 2) . This fragment was cloned into M13 mp8 and mp9, and both strands consisting of 601 bases were sequenced. An open reading frame predicting the known NH2-terminal amino acid sequence was identified, starting at residue 5 and extending to residue 206. Identification of Overlapping Fragments Containing the Entire Fbp Gene Sequence. To obtain additional sequence information for the gonococcal .Ibp, an oligonucleotide probe (BP3) was synthesized that corresponded to the 21-bp sequence between the Taq I and Rsa I sites (Fig. 2) . When BP3 and BPI were hybridized to Taq I digested genomic DNA, both oligonucleotides recognized fragments of -650 bp. A new DNA library was constructed by digesting gonococcal genomic DNA with Taq I and ligating fragments ranging in size from 500 to 750 by into the Acc I site of pUC13. This ligation mixture was transformed into E. coli TB1 and 2,000 transformants were separately screened with oligonucleotide probes BPI and BP3. Each probe hybridized to a single colony out of 2,000. Restriction analysis of the plasmid hybridizing to BPI revealed a 630-bp insert (clone pSBI). This insert was isolated and cloned into M13 mp8 and mp9. Sequence analysis demonstrated that the pSBI insert overlapped with the insert from pSB3 and contained additional 5' sequence that encoded a typical leader peptide region (Fig. 2) . The clone hybridizing with BP3 contained a plasmid with a 556-bp insert (clone pSB7). Sequence analysis of this insert was obtained upon cloning into M13 mp8 and mp9. The data revealed that it also overlapped with the insert in pSB3 but encoded the 3' end offbp and included a potential transcription termination signal (Fig. 2) .
The complete sequence ofjbp is contained on the recombinant plasmids pSBI, pSB3, and pSB7 and is shown in Fig. 3 . The Tend of the gonococcal insert in pSBI begins 4 bases upstream from the initiation codon. The 3' end of the gonococcal insert in pSB7 is 192 by downstream from the termination codon. The mature protein consists of 308 amino acids with a signal peptide of 22 residues . The consensus amino acid sequence agreed completely with the NH2-terminal amino acid se-BERISH ET AL.
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M. 2 pSBI pSB3 FIGURE 2. Physical map and location of the fbp gene sequence derived from inserts of pSBI, pSB3, and pSB7 . Clone pSB3 was initially characterized and sequenced as described in text . From this clone, oligonucleotide BP3 was synthesized to correspond to 21 bases of DNA located between the Taq I and Rsa I sites. Genomic Taq I fragments ligated into pUC 13 were screened with BPI and BP3 to obtain clone pSBI and pSB7 . Also shown are the oligonucleotides BP5 and BP7, which were used in the IPCR reaction to obtain the sequence of the promoter region . quencing data (9) . The locations of the peptide sequences generated from the argininespecific cleavage were found within the consensus amino acid sequence (Fig . 3) . 17 by downstream from the stop codon, a 13-bp inverted repeat was located (Fig . 3) . It is possible that this sequence corresponded to a transcription termination or attenuation signal . Amplification and Sequencing ofthe 5' Flanking Sequence of the Gonococcal Fbp Gene. DNA fragments containing the 5' flanking sequence could not be identified by the previous technique. However, based on the occurrence of a Sau 3A site within the Fbp gene sequence and the observation that both BPI and BP2 hybridized to a 900-bp Sau 3A fragment (Fig . 2) , we considered it likely that this fragment contained -200 by of the 5' flanking DNA sequence . IPCR is a technique used to amplify fragments containing unknown sequences bounded by only one region of known DNA sequence. This technique was used to amplify and sequence the unknown DNA sequence contained on the 900-bp Sau 3A fragment . The strategy for obtaining and amplifying this fragment is described in Materials and Methods and outlined in Fig. 4 . After amplification, agarose gel electrophoresis demonstrated a single 250-bp band of DNA (data not shown) . This fragment hybridized strongly to an end-labeled oligonucleotide derived from the leader peptide sequence (BP6) (data not shown) . The PCR fragment was ligated into the Sma I site of M13 mpII, and the resulting plaques were screened with end-labeled BP6. Only one reactive plaque was observed . The sequence of the insert revealed complete fidelity between known sequences from the 3' end of Fbp, recognized by BP7 (Fig . 4) , and the 5' end of Fbp, recognized by BP5 (Fig . 4) , with the 5' flanking sequence in between. This 5' sequence is included in Fig. 3 and shows a potential ribosomal binding site located upstream from the initiation codon, as well as potential -10 and -35 consensus sequences.
Determination of the Number of Fbp Gene Copies per Genome. The number of copies of the Fbp gene within the genome of N. gonorrhoeae strain F62 was examined using nick-translated pSB3 to probe Southern blots of genomic DNA digested with various restriction endonucleases. The results (Fig . 5) show a single hybrid band with Alu I-, Eco RI-, Hind III-, Sau 3A-, Rsa I-, and Taq I-digested DNA. Two hybrid bands were observed with Cla I-digested DNA, reflecting the internal Cla I site in pSB3 (Fig . 2) . Thus, it can be concluded that there is only a single copy of the Fbp gene in strain F62.
Discussion
This article describes the cloning of the gene encoding the gonococcal Fbp that has allowed us to elucidate its structure at the level of primary sequence. The cloning of the complete gonococcal Fbp gene in plasmids and an expression vector has not been possible ; most likely the intact gene or a flanking sequence is lethal in the E. coil host . Similar observations have been made for the genes encoding the gonococcal porin protein, protein I (26, 27) and the outer membrane protein macromolecular complex (28) . To circumvent this phenomenon, oligonucleotides derived from the FIGURE 5 . Hybridization analysis of the Fbp gene sequence from N. gonorrhoeae strain F62. Genomic DNA was digested with Alu I, Eco RI, Hind III, Sau 3A, Cla I, Rsa I, and Taq I, (lanes 1-7, respectively). Clone pSB3 was nick-translated and hybridized to the above genomic digests. Size markers (bp, at left) are the 1-kb ladder .
known NH2-terminal amino acid sequence and from a peptide sequence known to lie outside the NH2-terminal 48 residues were used to identify DNA fragments encoding portions of the Fbp gene. Sequence analysis of three overlapping clones provided the information needed to define completely the structural gene. The molecular weight of the Fbp, based on the consensus amino acid sequence of the predicted mature protein is 33,571 . This value is less than the estimated molecular mass of 36,000 to 37,000 that was obtained by SDS-PAGE (4-6), and more consistent with the estimations of molecular mass obtained by gel filtration chromatography of 26,000 to 32,000 (9) . The anomalous behavior of this protein in SDS-PAGE gels may reflect its exceptionally high isoelectric point of >9.35 (9) or features unique to its structure that have yet to be defined .
Potential regulatory sequences juxtaposed 5' to the Fbp structural gene were obtained by IPCR . A poor cloning efficiency of the PCR-amplified fragment was observed and is notable in light of our inability to identify antigenically related Fbp from an expression library. This may in fact reflect the apparent inefficiency with which this sequence can be introduced into E. coli or represent the selection of a degenerate sequence generated by a mutagenic event during PCR amplification (29) . These possibilities are presently being explored . For the sequence obtained by the current method, a typical ribosomal binding site as well as degenerate -10 and -35 regions can be proposed (Fig . 3) . The degeneracy of the potential -35 region (30) is similar to other promoters that match the -35 consensus sequence poorly, and require an activator that substitutes as part of a polymerase binding site (31) .
A precise function for the gonococcal Fbp has yet to be described . To date, specu-lation has focused on the possibility that this protein may be a central component in the iron-acquisition system (4, 5, 9) . Gonococci differ from other pathogenic microorganisms which utilize siderophores for the acquisition of growth-essential iron (32) (33) (34) (35) . Rather, they appear to directly bind endogenous host iron-containing proteins such as transferrin or lactoferrin as a first step in the assimilation of iron (36) . The steps required after this initial binding event have yet to be described, but will certainly involve: (a) the removal of iron from these proteins ; (b) the transport of iron across the outer membrane ; (c) the transport of iron across the cytoplasmic membrane ; and (d) assimilation within the cytoplasm. Several elements of the Fbp, described herein and elsewhere (4, 5, 9) , are consistent with its participation in the gonococcal high-affinity iron-acquisition system . For one, the DNA sequence predicts a 22-residue leader peptide based upon the presence of an initiator methionine and 21 intervening amino acids before the known NH2-terminal residue of the purified protein (9) . The presence of a leader peptide suggests that the mature Fbp functions beyond the cytoplasmic membrane similar to components of other well-defined high affinity nutrient uptake systems (37) . Second, elements of high affinity nutrient uptake systems are often regulated by the bioavailability of the target nutrient (38) . Therefore, an important indication that the Fbp participates in iron acquisition is its differential expression under iron-replete and ironlimited conditions (5) . However, the most compelling evidence that the gonococcal Fbp is involved in iron assimilation is that this protein stoichiometrically binds a single ferric cation (10) . The availability of the primary sequence of the gonococcal Fbp allows for a more precise understanding of the biological properties of this protein . Evidence obtained from electron paramagnetic resonance studies indicates that this protein coordinates with iron in a manner similar to the iron-binding proteins transferrin and lactoferrin (Chen, C. Y., and S. A. Morse, unpublished data). These latter proteins are approximately twice as large as the gonococcal Fbp and have the capacity to bind 2 moles of iron per mole of protein. They exist as closely related bilobed structures, each lobe binding a single ferric cation as well as a bicarbonate anion (39) . For human lactoferrin, the residues coordinating with iron include the phenolate oxygens oftwo tyrosines, the imidazole nitrogen of a single histidine, and the carboxylate oxygen of an aspartic acid (40) . While no apparent homology exists between lactoferrin and the gonococcal Fbp, it is possible that analogous residues participate in the binding of iron by the Fbp. These studies are in progress . The precise role of the gonococcal Fbp in iron acquisition awaits a clearer picture of the mechanism by which these organisms obtain iron from their environment. The importance of the Fbp for N. gonorrhoeae is underscored by the observation that this protein is found in all pathogenic Neisseria spp. studied to date (8). That this protein is synthesized in vivo is indicated by the presence of specific antibodies that develop during the course ofa natural infection (41) . Studies have demonstrated that when iron-starved gonococci are pulsed with sa fe-transferrin, followed by a chase with unlabeled transferrin, there is an initial association of the "Fe with the Fbp, followed by a decrease over time (Chen, C. Y. and S. A. Morse, unpublished data). These data suggest that Fbp is a transient participant in passing the iron bound to transferrin, a property consistent with a role in iron transport. The data presented here and elsewhere will be used in future studies to uncover the role of the Fbp and its importance to gonococcal pathogenesis .
Summary
This report describes the cloning and sequencing of the major iron-regulated protein (termed Fbp) ofNeisseria gonorrhoeae strain F62 . Attempts to identify recombinants expressing the Fbp using specific antibody proved unsuccessful . Therefore, an alternative cloning strategy using oligonucleotide probes derived from NH2-terminal and tryptic fragments of this protein was used to identify short fragments of the gene. Using this methodology, the gene encoding the precursor of Fbp was cloned on three separate overlapping fragments and sequenced, and the amino acid sequence was deduced. These data were unambiguously confirmed by the known NH2-terminal amino acid sequence and were supported by the sequences from tryptic fragments that lie outside ofthis region . Using oligonucleotide probes, we were unable to obtain clones encoding the potential regulatory region ofthis protein. Therefore, the technique of inverse polymerase chain reaction was used to amplify a fragment containing an additional 200 bp. This fragment was cloned and sequenced and found to contain a consensus ribosome binding site and potential -10 and -35 sequences. Hybridization analysis of genomic DNA from gonococcal strain F62 indicated that only a single copy of the Fbp gene exists per genome. These results complement the biochemical characterization ofthe Fbp expressed by gonococci and further suggest that it has a role in iron-acquisition .
